ABSTRACT CYP3A4-transfected Caco-2 cells were used as an in vitro system to predict the importance of drug metabolism and transport on overall drug absorption. We examined the transport and metabolism of two drugs; midazolam, an anesthetic agent and CYP3A4 substrate, and sirolimus, an immunosuppressant and a dual CYP3A4/P-glycoprotein (P-gp) substrate, in the presence of cyclosporine (CsA, a CYP3A4/P-gp inhibitor) or N-{4- [2-(1,2,3,4-tetrahydro-6,7-dimethoxy-2-isoquinolinyl)ethyl]-phenyl}-9,10-dihydro-5-methoxy-9-oxo-4-acridine carboxamine (GG918) (an inhibitor of P-gp and not CYP3A4). All major CYP3A4 metabolites were formed in the cells (1-OH Ͼ 4-OH midazolam and 39-O-desmethyl Ͼ 12-OH Ͼ 11-OH sirolimus), consistent with results from human liver microsomes. There was no bidirectional transport of midazolam across CYP3A4-transfected Caco-2 cells, whereas there was a 2.5-fold net efflux of sirolimus (1 M) that disappeared in the presence of CsA or GG918. No change in the absorption rate or extraction ratio (ER) for midazolam was observed when P-gp was inhibited with GG918. Addition of GG918 had a modest impact on the absorption rate and ER for sirolimus (increased 58% and decreased 25%, respectively), whereas a 6.1-fold increase in the absorption rate and a 75% decrease in the ER were found when sirolimus was combined with CsA. Although both midazolam and sirolimus metabolites were preferentially excreted to the apical compartment, only sirolimus metabolites were transported by P-gp as determined from inhibition studies with GG918. Using CYP3A4-transfected Caco-2 cells we determined that, in contrast to P-gp, CYP3A4 is the major factor limiting sirolimus absorption. The integration of CYP3A4 and P-gp into a combined in vitro system was critical to unveil the relative importance of each biochemical barrier.
actively) transported compounds, the permeation rates obtained from this model have been shown to correlate with the percentage of drug absorbed (Artursson and Karlsson, 1991; Yee, 1997) . Although Caco-2 cells express a variety of uptake and efflux transporters found in the human intestine, a major drawback to the use of Caco-2 cells is that they lack CYP3A4. As such, no data regarding the importance of intestinal metabolism on limiting drug absorption can be obtained from normal Caco-2 cells. Caco-2 cells pretreated with 1,25-dihydroxyvitamin-D 3 (vitamin D 3 ) express higher levels of CYP3A4 compared with Caco-2 (Schmiedlin-Ren et al., 1997) but still underestimate the amount of CYP3A4 in the human intestine (Paine et al., 2002) . We have previously shown that the CYP3A4-transfected Caco-2 cells, when induced with both sodium butyrate and the phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA), provide an appropriate in vitro model for studying intestinal drug transport and metabolism in intact cells as they have been found to closely approximate the CYP3A4 levels in human duodenum (Cummins et al., 2001) .
In accordance with the hypothesized interplay between CYP3A4 and P-gp in the intestine, we have previously shown using CYP3A4-transfected Caco-2 cells that P-gp can enhance the metabolism of orally dosed drugs by repeated cycling of the drug at the apical membrane (Cummins et al., 2002) . Here, we present transport and metabolism data for midazolam and sirolimus obtained in CYP3A4-transfected Caco-2 cells. These compounds were selected based on their distinct interactions with CYP3A4 and P-gp. Midazolam, a preoperative anesthetic agent, is a classic CYP3A4 substrate that has been shown to undergo extensive gut metabolism (Paine et al., 1996) and does not exhibit bidirectional transport by P-gp (Kim et al., 1999; Polli et al., 2001 ). The immunosuppressive drug sirolimus is a dual CYP3A4 and P-gp substrate that is known to be transformed by CYP3A4 to numerous hydroxylated and demethylated metabolites (Jacobsen et al., 2001 ) and has been shown to be an inhibitor of P-gp (Arceci et al., 1992) . Conflicting evidence regarding its status as a P-gp substrate has emerged; some investigators have shown high net secretion (18-fold) (Crowe and Lemaire, 1998) and others have shown net absorption (Dias and Yatscoff, 1994; Wacher et al., 2002) across monolayers of Caco-2 cells. This discrepancy may reflect variability in transporter levels between different laboratories and various growth conditions tested. We confirmed the substrate selectivity of P-gp for sirolimus over midazolam using MDR1-transfected MDCK cells and examined the interplay of metabolism and transport in CYP3A4-transfected Caco-2 cells by using the inhibitors cyclosporine (CsA, inhibitor of CYP3A4 and P-gp) and GG918 (inhibitor of P-gp and not CYP3A4) in combination with each of the substrates.
The data obtained with CYP3A4-transfected Caco-2 cells demonstrate the variety of substrate-dependent complexities that can arise in the intestine and affect the determination of the intestinal extraction ratio. Sirolimus provides an especially interesting example because recent studies performed by Paine et al. (2002) using vitamin D 3 -treated Caco-2 cells have suggested that a novel degradation pathway for sirolimus may play a more important role in intestinal extraction than metabolism by CYP3A4. In contrast, we have found using the CYP3A4-transfected Caco-2 cells that CYP3A4 metabolism seems more important than degradation at low sirolimus concentrations and that relative to CYP3A4, P-gp countertransport had little role in limiting sirolimus absorption across the cell. This study illustrates the importance of obtaining a cell culture model that accurately reflects the CYP3A4 content in the intestine when studying intestinal metabolism by CYP3A4.
Materials and Methods

Materials.
Midazolam and 1-OH midazolam (F. Hoffman-LaRoche, Nutley, NJ), sirolimus (rapamycin, Rapamune; Wyeth-Ayerst, Princeton, NJ), and GG918 (GF120918; GlaxoSmithKline, Research Triangle Park, NC) were kind gifts of the manufacturers. Falcon polyethylene terephthalate (PET) cell culture inserts (diameter 4.2 cm 2 ) and Costar six-well plates were obtained from Fisher Scientific (Santa Clara, CA). Sodium butyrate, TPA, CsA, and ascomycin were purchased from Sigma-Aldrich (St. Louis, MO). All solvents were HPLC grade and were obtained from Fisher Scientific.
Cell Culture Growth Conditions. MDCK and MDR1-MDCK cells were generously provided by Dr. Ira Pastan (National Cancer Institute). Cells were grown in Dulbecco's modified Eagle's-H21 media supplemented with 10% fetal bovine serum (FBS) (HyClone Laboratories, Logan, UT) and 80 ng/ml colchicine for MDR1-MDCK cells. Cells were seeded at a density of 250,000 cells/insert, grown to confluence on PET inserts (diameter 4.2 cm 2 ), and maintained for 4 to 5 days before the experiment. Fresh media were added to the cells the day after seeding and 24 h before the transport study. CYP3A4-transfected Caco-2 cells (Gentest, Woburn, MA; passages 4 and 5) were grown using Dulbecco's modified Eagle's medium containing 8.5 g/l glucose, 25 mM HEPES, and 2.2 g/l NaHCO 3 and nonessential amino acids (custom made from the UCSF Cell Culture Facility, San Francisco, CA) containing 15% heat-inactivated FBS (HyClone Laboratories) and 100 g/ml hygromycin B (Invitrogen, Carlsbad, CA). Cells were seeded onto PET cell culture inserts at a density of 300,000 cells/insert and grown to confluence for 13 to 14 days. Twenty-four hours before an experiment, the cell culture media were replaced with growth media containing 4 mM sodium butyrate and 100 nM TPA for CYP3A4 protein induction (Cummins et al., 2001) .
Transport Studies across MDR1-MDCK and MDCK Cells. Cell monolayers were preincubated in transport buffer (Hanks' buffered salt solution containing 25 mM HEPES and 1% FBS, pH 7.4) for 30 min at 37°C. Transepithelial electrical resistance (TEER) values were measured across the monolayers using a Millicell (Millipore Corporation, Bedford, MA) equipped with chopstick electrodes. The average TEER values obtained for MDR1-MDCK and MDCK cells were 4830 Ϯ 750 Ohm⅐cm 2 (n ϭ 12) and 325 Ϯ 14 Ohm⅐cm 2 (n ϭ 12), respectively. The study was initiated by adding the test compound (midazolam or sirolimus) to the donor compartment and transport buffer to the receiver compartment. All solutions contained 1% dimethyl sulfoxide, and the final volume in each of the chambers was 1.5 ml on the apical side and 2.5 ml on the basolateral side. At the first two time points, 150-l samples were taken from the receiver side and then replaced with fresh receiver solution to maintain the original starting volumes. After the last time point, the apical solutions were removed by suction, and each filter was dipped twice in three different beakers containing large volumes of ice-cold phosphate-buffered saline. The inserts were inverted to remove residual liquid, and intracellular measurements of parent drugs were obtained by solubilizing each cell culture insert with 1 ml of ice-cold MeOH/H 2 O [7:3 (v/v) ] and sonicating (in an ultrasonic bath) for 10 min. The homogenate was centrifuged for 5 min at 10,900g, and the resulting supernatant was analyzed by LC/MS.
Transport and Metabolism of Midazolam and Sirolimus across CYP3A4-Transfected Caco-2 Cells. The transport studies performed in CYP3A4-transfected Caco-2 cells were similar to those carried out using the MDR1-MDCK and MDCK cells except that metabolism was monitored along with transport. The TEER values were measured after a 30-min preincubation of the cells in transport buffer. The average TEER value obtained for the CYP3A4-transfected Caco-2 cells was 334 Ϯ 27 ohm⅐cm 2 (n ϭ 84). In the experiments in which inhibitors were present, CsA (10 M) or GG918 (200 nM), the same concentration of inhibitor was added to both sides of the monolayer. Because metabolism occurred inside the CYP3A4-transfected Caco-2 cells, samples were obtained from both sides of the monolayer at 12, 24, and 36 min (midazolam) or 1, 2, and 3 h (sirolimus). At the first two time points, 150-l samples were taken from the receiver side and then replaced with fresh receiver solution to maintain the original starting volumes. The intracellular parent drug and metabolites were extracted as described above. Samples were stored at Ϫ80°C until analysis by LC/MS. Each experiment was conducted in triplicate on two separate occasions but due to slight interday cell variations, the data were analyzed separately from each experiment.
LC/MS Analysis of Midazolam, Sirolimus, and Their Metabolites. Midazolam transport and metabolite samples were analyzed by HPLC/electrospray-MS in combination with an on-line column switching extraction step using an HP1100 LC connected to a 5989B mass spectrometer through a 59987A electrospray interface (all Agilent Technologies, Palo Alto, CA). The solvents for the on-line column extraction step were delivered by a binary HPLC pump (PerkinElmer Instruments, Norwalk, CT) controlled by the external contacts of the HP1100 HPLC system. The sample was loaded onto the precolumn (Hypersil ODS, 2 ϫ 10 mm, 10 m; Keystone Scientific, Bellafonte, PA) with 2 mM ammonium acetate at 6 ml/min for 1 min and then backflushed onto the analytical column (4.6 ϫ 50 
Biochemical Absorption Barriers for Sirolimus and Midazolam
145
at ASPET Journals on July 9, 2017 jpet.aspetjournals.org mm, 3.5 m) (Zorbax Eclipse XDB-C8; Agilent Technologies). The column temperature was maintained at 40°C, and the flow rate was 0.3 ml/min. The mobile phase consisted of 2 mM ammonium acetate and methanol. The following gradient was run: 0 min 70% methanol, 4 min 80% methanol. The total run time was 8 min. Using selective ion monitoring, signals for [M ϩ H] ϩ ions of midazolam (m/z ϭ 326, retention time 5.8 min), 1-OH midazolam (m/z ϭ 342, retention time 5.1 min), and 4-OH midazolam (m/z ϭ 342, retention time 4.9 min) were obtained (Fig. 1A) . Quantitation was performed using the external calibration curves for midazolam (2.5-320 ng/ml) and 1-OH midazolam (0.3-40 ng/ml).
Analysis of sirolimus and its metabolites was performed using an HPLC/electrospray-mass selective detector system in combination with an on-line column switching extraction step. The HPLC consisted of a quaternary pump (G1311A), degasser (G1322A), autosampler (G1329A) equipped with a thermostat (G1330A), and a column thermostat (G1316A) that was connected in series to a G1946A mass selective detector (all Agilent Technologies). Sirolimus and its metabolites were measured using a modification of a previously described method (Christians et al., 2000) to enhance the separation of the hydroxylated sirolimus metabolites. To 100 l of sample, 50 l of the internal standard solution (200 ng/ml ascomycin in acetonitrile) was added. Samples were loaded onto the precolumn (4.6 ϫ 12.5 mm, 5 m) (Eclipse XDB C8; Agilent Technologies) with 1 M sodium acetate and 0.1% formic acid/methanol (68:32) at a rate of 5 ml/min for 0.8 min and then backflushed onto two analytical columns (4.6 ϫ 150 mm, 3.5 m) (Zorbax Eclipse XDB-C8; Agilent Technologies) positioned in series. The column temperature was maintained at 65°C, and the flow rate was 1.2 ml/min. The mobile phase consisted of 1 M sodium acetate with 0.1% formic acid and methanol. The following gradient was run: 0 min 75% methanol, 10 min 75% methanol, 15 min 95% methanol. The total run time was 18.0 min. The most abundant ions observed for sirolimus and its metabolites were the sodium adducts. two compounds will be addressed subsequently (Fig. 7) . The metabolite structures were identified as described previously (Jacobsen et al., 2001) . Briefly, metabolites generated from human liver microsomes were isolated by HPLC, and structural identification was carried out by ion trap mass spectrometry and analysis of the fragmentation pattern. Because sufficient amounts of sirolimus metabolites were not available for a complete assay validation, the metabolite response factors were determined. Metabolites of sirolimus shared similar spectral characteristics as the parent drug, allowing the comparison of the peak area ratios for metabolite and parent from a single sample analyzed by UV to be compared with the same sample's metabolite to parent peak area ratios measured by MS. The metabolite MS response factors were very close to 1 (all metabolites deviated less than 15% from 1); therefore, the external calibration curve for sirolimus was used to quantitate its metabolites. The range of the standard curve for sirolimus was 0.3 to 160 ng/ml.
Despite attempts to accurately quantitate all known sirolimus metabolites and degradation products, we still obtained incomplete recovery after addition to CYP3A4-Caco-2 cells. The mass balance was directionally dependent with lower recovery from an apical dose (39 -58%) compared with a basolateral dose (77-90%). This difference may be due to the presence of unidentified metabolites (formed predominantly after an apical dose) or nonspecific binding to the transport apparatus or cell surface.
Data Analysis. Calculation of the extraction ratio of midazolam was performed as described previously (Cummins et al., 2002) . The extraction ratio is a measure of the extent of metabolism, that is, the fraction of drug that was metabolized relative to the amount of drug coming in contact with the enzyme. All values used in the calculation of the extraction ratio are in amounts. This extraction ratio incorporates in the denominator the intracellular amounts of unchanged drug, because it is reasoned that drug inside the cell can interact with CYP3A4.
ER ϭ ⌺ metabolites (donorϩreceiverϩintracellular) ⌺ parent (receiverϩintracellular) ϩ ⌺ metabolites (donorϩreceiverϩintracellular) ( 1) The permeability values were calculated as follows where the rate of transport was measured from the flux of drug across the cells (picomoles per hour):
P app ϭ rate of transport surface area ϫ donor concentration
For comparing the treatment group (i.e., in the presence of inhibitors) with control, one-way analysis of variance followed by Dunnett's test was used to determine significance of data. For comparisons between two groups, the t test was used. The prior level of significance was set at p Ͻ 0.05.
Results
Transport of Midazolam and Sirolimus across MDR1-MDCK and MDCK Cells.
Bidirectional transport studies across P-gp-overexpressing cells (MDR1-MDCK) and untransfected controls (MDCK) were performed to test the selectivity of P-gp for transporting sirolimus and midazolam. The transport of 3 M midazolam in the apical (A) to basolateral (B) and B3 A directions was similar in MDR1-MDCK and MDCK cells ( Fig. 2A) . These data confirm previous results obtained using L-MDR1 cells that showed midazolam was not a P-gp substrate (Kim et al., 1999) . In contrast, there was a significant difference in the bidirectional transport of 1 M sirolimus across MDR1-MDCK cells (Fig. 2C) . The B3 A flux was 80-fold greater than the A3 B flux in MDR1-MDCK cells, and this efflux ratio decreased to 1.5 in MDCK cells, indicating that sirolimus was a good P-gp substrate (Table 1) . Furthermore, the intracellular levels of sirolimus were significantly decreased in MDR1-MDCK relative to MDCK cells (Fig. 2D ), indicating that P-gp was contributing to this phenomenon by actively effluxing the compound out of the cells. Intriguingly, the midazolam intracellular levels were also decreased in MDR1-MDCK cells (Fig. 2B) , suggesting that some minor interaction with P-gp may be present in cells overexpressing P-gp, despite the lack of bidirectional midazolam transport across the cells. This idea is consistent with recent literature reports citing midazolam as a "nontransported P-gp substrate" (Polli et al., 2001) or a "highly permeable P-gp substrate" (Tolle-Sander et al., 2003) . For both midazolam and sirolimus, the drug permeation was greater from the apical side, a result that could be due to greater surface area for permeation due to the apical microvilli. 
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Midazolam Metabolism and Transport across CYP3A4-Transfected Caco-2 Cells. The concurrent transport and metabolism of midazolam was examined across monolayers of CYP3A4-transfected Caco-2 cells. The two primary midazolam metabolites, 1-OH midazolam and 4-OH midazolam, were readily observed after incubation with CYP3A4-transfected Caco-2 cells, and their LC/MS chromatograms are shown in Fig. 1A . Consistent with human data (Paine et al., 1996) , 1-OH midazolam was the major metabolite formed and therefore 4-OH midazolam was not quantitated for these studies.
Midazolam transport (Fig. 3A) and permeability values (Table 1) were similar in both the A3 B and B3 A directions consistent with passive absorption. Due to the high permeation rate of midazolam, the transport studies were performed at relatively early time points (up to 36 min) to maintain sink conditions during the course of the experiment. Midazolam transport in both directions was unchanged in the presence of the P-gp inhibitor GG918. However, midazolam absorptive transport was increased 12% with CsA, suggesting metabolism by CYP3A4 is also affecting net midazolam absorption by decreasing substrate available for transport ( Fig. 3A ; Table 1 ). The results with GG918 confirm the lack of importance of P-gp in influencing midazolam transport. The intracellular levels of midazolam in CYP3A4-transfected Caco-2 cells further suggest no role for P-gp in controlling intracellular levels because there was no significant increase (p Ͼ 0.05) in the intracellular midazolam levels with P-gp inhibition (Fig. 3B) .
Midazolam metabolism was found to be linear over the time course of the experiment. As midazolam is metabolized inside the cell, the excretion pattern of 1-OH midazolam was monitored by obtaining samples from both the apical and basolateral chambers at each time point. Intracellular 1-OH midazolam was also measured at the last time point to obtain an accurate total of the amount of metabolism that occurred. More midazolam metabolites were observed from an apical dose (Fig. 4, A versus B , y-axes) in agreement with the higher intracellular midazolam found from this direction (Fig. 3B) . The proximity of CYP3A4 toward the apical membrane (Cummins et al., 2001 ) may also have increased metabolism from an apical dose because the experiment was run over a relatively short time period, and midazolam intracellular steady state has been shown previously to be achieved more rapidly from an apical dose (Fisher et al., 1999) . There was preferential excretion of 1-OH midazolam to the apical side after administering an apical or basolateral dose of 3 M midazolam (Fig. 4, A and B) . The excretion of 1-OH midazolam was 7.7-fold greater out the apical side compared with the basolateral side (after an apical dose) and 5.6-fold greater out the apical side after a basolateral dose. These 1-OH midazolam efflux ratios were unchanged in the presence of the P-gp inhibitors GG918 and CsA, indicating that P-gp was not contributing to this phenomenon. There was no significant change in intracellular levels of 1-OH midazolam in the presence of GG918 (Fig. 4C) , further indicating no interaction of P-gp. The metabolite levels were decreased with CsA, indicating CsA was directly inhibiting metabolism by CYP3A4.
Metabolism and Transport of Sirolimus across CYP3A4-Transfected Caco-2 Cells. The metabolism of sirolimus has been extensively characterized in human and intestinal microsomes as well as in cDNA-expressed cytochrome P450s (Lampen et al., 1998; Jacobsen et al., 2001) . Sirolimus metabolism has been found to be mediated primarily by CYP3A4 with some contribution from CYP3A5 and CYP2C8 (Jacobsen et al., 2001) . Five main hydroxylated and two main demethylated metabolites of sirolimus were found after incubation of 1 M sirolimus with CYP3A4-transfected Caco-2 cells. The metabolite pattern from CYP3A4-transfected Caco-2 cells was consistent with that observed from human liver microsomes. The sirolimus metabolite LC/MS chromatograms are shown in Fig. 1B .
Sirolimus transport across CYP3A4-transfected Caco-2 cells was found to be 2.5-fold greater in the B3 A direction compared with the A3 B direction (Fig. 5A) . The net efflux of 1 M sirolimus was completely inhibited in the presence of either 200 nM GG918 or 10 M CsA, and the resulting transport profiles were found to be slightly inverted, that is, sirolimus A3 B transport slightly exceeded that of B3 A in the presence of the inhibitors. The efflux ratio was also less than 1 when sirolimus was dosed at 20 M, indicating saturation of P-gp at this concentration (Table 1 ). The absorptive permeability of sirolimus increased 55% when P-gp was inhibited, but when both P-gp and CYP3A4 were inhibited it increased 6.1-fold (Table 1 ). The intracellular levels of sirolimus (Fig. 5B) after an apical dose were also affected more by CsA compared with GG918 where, respectively, a 3.8-fold increase versus a 31% increase was observed.
Sirolimus metabolite formation was shown to be generally linear with time (Fig. 6) . The metabolites of sirolimus were preferentially excreted toward the apical side. The excretion patterns for the three main sirolimus metabolites (11-OH, 12-OH, and 39-O-desmethyl) are shown in Fig. 6 . Significantly more metabolites were formed after an apical dose compared with a basolateral dose, as seen from the difference in the scales of the y-axes between the apical and basolateral doses (Fig. 6) . The efflux ratios for metabolites (amount exiting apical/amount exiting basolateral) after an apical dose were 16, 28, and Ͼ14 for 11-OH, 12-OH, and 39-O-desmethyl, respectively. The efflux ratio for 39-O-desmethyl could not be explicitly calculated because the metabolite excretion from the basolateral side was below the limit of detection (0.1 ng/ml). In the presence of the P-gp inhibitors CsA and GG918, the metabolite efflux ratios (after an apical dose) were decreased more than 3-fold, resulting in efflux ratios between 4.0 and 5.5 for all three metabolites. The intracellular levels of metabolites were also increased in the presence of CsA and GG918, indicating that metabolite removal was inhibited. These data suggest the sirolimus metabolites are also substrates for P-gp transport. Although the amounts of intracellular sirolimus metabolites were increased in the presence of CsA, the total amounts of metabolites as measured in the apical and basolateral compartments were decreased 50%, presumably by the direct inhibition of CYP3A4 by CsA. 
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Sirolimus Degradation Products in CYP3A4-Transfected Caco-2 Cells. Hallensleben et al. (2000) identified a novel metabolite of sirolimus (dihydrosirolimus) formed from the degradation of sirolimus to its ring opened isomer (secosirolimus) that then undergoes hydrogenation to form this new metabolite. The proposed metabolic pathway for the formation of dihydrosirolimus is shown in Fig. 7 . It has recently been suggested that this degradation pathway to form M2 may be an important route of intestinal extraction from studies performed with 20 M sirolimus in vitamin D 3 -treated Caco-2 cells (Paine et al., 2002) . In contrast, we discovered that in the CYP3A4-transfected Caco-2 cells that there was minimal conversion of sirolimus to seco-sirolimus after a 1 M dose, and therefore only low levels of its metabolite dihydrosirolimus were found after 3 h of incubation. At a higher concentration of sirolimus (20 M), seco-sirolimus and M2 were observed at earlier time points. However, there was nonlinearity in the amount of CYP3A4 metabolites formed at 20 M (603 pmol) relative to 1 M (105 pmol), indicating saturation of CYP3A4 at this concentration. Figure 8 shows the relative proportion of seco-and dihydrosirolimus plotted alongside the amount of CYP3A4 metabolites from 1 and 20 M apical incubations. In our incubations, seco-sirolimus was always higher on the donor side, regardless of the direction of transport (Fig. 8, apical dose) . When sirolimus was dosed basolaterally, seco-sirolimus was found mainly on the basolateral side, whereas the CYP3A4 metabolites were still excreted toward the apical side (data not shown). These results suggest that seco-sirolimus was likely formed from nonspecific degradation within the transport media. The amount of parent drug converted to seco-sirolimus after 3 h of incubation was approximately 1% of the dose at both concentrations tested.
All CYP3A4-derived sirolimus metabolites showed a similar distribution across the cell (Ͼ70% of metabolites found apical, ϳ20% basolateral, and Ͻ10% intracellular) with the exception of 39-O-desmethyl sirolimus that had a much greater metabolite fraction inside the cell (ϳ40%; Fig. 8 ). The reason for the difference in the cellular distribution of 39-Odesmethyl is unknown because, as with the hydroxy metabolites, it was also found to be actively extruded by P-gp. It is possible that the increased cellular retention is due to stronger interactions with cellular proteins or related to its increased hydrophobicity, suggested by its longer retention on the reverse phase column. A similar trend was observed with seco-sirolimus and dihydrosirolimus at the 20 M concentration.
Extraction Ratios of Midazolam and Sirolimus across CYP3A4-Transfected Caco-2 Cells. To obtain a measure of the extent of metabolism occurring upon transit across the CYP3A4-transfected Caco-2 monolayer, an ER was calculated using eq. 1. For sirolimus, only the known CYP3A4-generated metabolites were included in the calculation because the degradation of sirolimus to seco-sirolimus and dihydrosirolimus were minimal at the 1 M concentration. The resulting ERs for midazolam and sirolimus in the presence of the inhibitors CsA and GG918 are shown in Fig.  9 .
Consistent with midazolam not being a substrate for P-gp, the presence of GG918 did not alter the ER for midazolam in either direction. Cyclosporine decreased the ER for midazolam by 60% from both an apical and basolateral dose through inhibition of CYP3A4. An unexpected result was the difference in the ERs for midazolam from an apical and a basolateral dose (25 and 8%, respectively). In the absence of efflux transport, no difference in the apical and basolateral ERs was anticipated based on our previous findings with felodipine (another CYP3A4 substrate that is not transported by P-gp; Cummins et al., 2002) . Although the calculation of the ER (eq. 1) takes into account the differences in the intracellular midazolam levels at the last time point, this equation assumes that the intracellular compartment reached equilibrium over a short time period relative to the time scale of the experiment. Fisher et al. (1999) have shown using vitamin D 3 -induced Caco-2 cells that midazolam reaches steady state more slowly from a basolateral dose (Ͼ10 min) compared with an apical dose (3 min). The short time course for mida- zolam may have resulted in an overestimation of the average intracellular amount of midazolam from a basolateral dose. This explanation is supported by a transport study that examined midazolam metabolism for a longer time period at 10 M in which the ERs after 1.5 h became almost equal from each direction (23.5 Ϯ 0.9 versus 18 Ϯ 2%, apical versus basolateral; data not shown).
For sirolimus, the apical ER was decreased by 25% in the presence of the P-gp inhibitor GG918, demonstrating the moderate influence of P-gp in increasing the exposure of sirolimus to CYP3A4 after an apical dose (Fig. 9) . From a basolateral dose, the ER increased by 17% with GG918, indicating the opposite role for P-gp in supporting drug removal from the cell after a basolateral dose. The presence of 10 M cyclosporine greatly decreased the apical and basolateral sirolimus ERs (by 75%), indicating that CYP3A4 was significantly inhibited at this concentration.
Discussion
The functional utility of the CYP3A4-transfected Caco-2 cells for predicting the importance of various biochemical factors in limiting drug absorption was demonstrated in this study. Although transport studies can be performed in normal Caco-2 cells to determine whether a drug is a substrate for efflux transport, and intestinal microsomes can be used to calculate the expected intestinal intrinsic clearance, the relative importance of each of these individual factors in limiting overall drug absorption cannot easily be anticipated unless they are studied in combination. Our studies with midazolam and sirolimus have highlighted additional factors (i.e., intracellular equilibration time and interactions with multiple transporters) that add complexity to the calculation and interpretation of the extraction ratio. The sirolimus data support the dynamic interplay between P-gp and CYP3A4 in increasing intestinal metabolism that we reported previously (Cummins et al., 2002) .
The ER for sirolimus (1 M) after an apical dose decreased from 0.6 to 0.45 when P-gp alone was inhibited (with GG918). These data demonstrate that functional P-gp can enhance the extent of metabolism of sirolimus after an apical dose. The net efflux of sirolimus across CYP3A4-transfected cells became net absorptive transport when P-gp was saturated or after complete inhibition of P-gp with either CsA or GG918 (Table 1 ). The change in the net direction of transport sug- Fig. 6 . Metabolite exit profiles for the three main sirolimus metabolites (11-OH, 12-OH, and 39-O-desmethyl-sirolimus) formed after 1 M apical or basolateral dose in CYP3A4-transfected Caco-2 cells. Sirolimus was dosed alone (f, Ⅺ) or in combination with the inhibitors 10 M CsA (OE, ‚) or 200 nM GG918 (F, E). Metabolites were found exiting both the apical (solid symbols) and basolateral (open symbols) membranes. Sirolimus metabolites found inside the cell after an apical or basolateral dose are plotted under the heading intracellular. The vertical axes for each direction were plotted on the same scale to allow comparison between metabolites. One exception is the intracellular vertical axis for 39-O-desmethyl that is 4 times higher than that of the hydroxylated metabolites. Only metabolite levels that were above the limit of detection were plotted. All data are presented as the mean Ϯ S.D. (n ϭ 3). *, significantly different from control for that direction (A to B or B to A), p Ͻ 0.05.
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gests that sirolimus is also a substrate of an absorptive transporter that may be contributing to the difference in the apical versus basolateral extraction ratios that persisted after P-gp inhibition (Fig. 9) . In contrast, there was no change in the ER for midazolam with GG918. There was a marked decrease in the sirolimus and midazolam apical ERs after coincubation with CsA due to direct inhibition of CYP3A4 by CsA. The absorption of midazolam occurred rapidly and therefore inhibition of CYP3A4 only resulted in a 12% increase in transcellular transport (Table 1) . The difference in the apical and basolateral ERs for midazolam (0.25 versus 0.081) would not be anticipated considering that midazolam is not a substrate for efflux transport. This discrepancy may be due to a slower intracellular equilibration of midazolam from a basolateral dose (Ͼ10 min) versus an apical dose (3 min) as reported previously by Fisher et al. (1999) . Because the midazolam transport experiment is run over 36 min, the basolateral intracellular value of midazolam obtained at the last time point is likely an overestimation of the average value of midazolam inside the cell over the course of the experiment, thereby resulting in an underestimation of the basolateral ER.
The metabolites of midazolam and sirolimus formed in the CYP3A4-transfected Caco-2 cells were preferentially excreted toward the apical side of the cell after either an apical or basolateral dose. The preference for the apical secretion of 1-OH midazolam was not altered in the presence of either GG918 or CsA, despite there being less metabolites formed with CsA. These data are in agreement with previous midazolam data obtained from vitamin D 3 -treated Caco-2 cells where verapamil was unable to inhibit the preferential excretion of 1-OH midazolam toward the apical side (Schmiedlin-Ren et al., 1997) . In contrast, the preference for the apical excretion of each of the three main sirolimus metabolites (11-OH, 12-OH, and 39-O-desmethyl) was significantly decreased in the presence of the P-gp inhibitors GG918 and CsA. These results suggest that P-gp was responsible for the extrusion of sirolimus metabolites from the cell. Together, these studies demonstrate the importance of inhibition studies to determine whether metabolites are substrates for efflux transport.
The concurrent study of metabolism and transport in CYP3A4-transfected Caco-2 cells permitted the characterization of the importance of each process in limiting overall sirolimus absorption. The net absorptive (A3 B) flux of sirolimus was increased 6-fold when both CYP3A4 and P-gp were inhibited (CsA data), whereas it increased only 55% when P-gp alone was inhibited (GG918 data). The remarkable change in the absorptive permeability with CsA highlights the importance of CYP3A4 in this system in limiting drug absorption across the cell.
Paine et al. (2002) have reported the identification of a Fig. 7 . Proposed pathway for the metabolic conversion of sirolimus to dihydrosirolimus (Hallensleben et al., 2000) .
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Cummins et al.
at ASPET Journals on July 9, 2017 jpet.aspetjournals.org Downloaded from novel route of extraction for sirolimus in vitamin D 3 -treated Caco-2 cells. The authors concluded that degradation of sirolimus to seco-sirolimus followed by metabolism of secosirolimus to the dihydrosirolimus could contribute significantly to first-pass metabolism in humans. Furthermore, they found very little CYP3A4-derived sirolimus metabolites after incubation with vitamin D 3 -treated Caco-2 cells. They reported that most of the parent drug was degraded to the hydrolysis product (34-OH) or the ring opened isomer of sirolimus (seco-sirolimus), which was subsequently metabolized by an unknown cytosolic enzyme to the dihydrosirolimus metabolite. We believe that the vitamin D 3 -induced Caco-2 cells do not contain sufficient CYP3A4 to make appropriate conclusions as to the importance of this enzyme in limiting drug absorption. The CYP3A4-transfected Caco-2 cells have been shown to have 2.5-fold higher CYP3A4 activity than vitamin D 3 -treated Caco-2 cells (Cummins et al., 2001) . In CYP3A4-transfected Caco-2 cells, the degradation product seco-sirolimus and its dihydro metabolite were readily observed after a 20 M sirolimus incubation. However, the formation of seco-sirolimus seemed to be greatest on the dosing side, regardless of the direction of transport, in- 
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at ASPET Journals on July 9, 2017 jpet.aspetjournals.org dicating that it was likely being formed through nonspecific degradation within the transport buffer. Because sirolimus is unstable in plasma (Streit et al., 1996) , the presence of 1% FBS in our transport media (added to prevent nonspecific binding of drug to the transport equipment) may be contributing to sirolimus degradation. It is not surprising, therefore, that the fraction of seco-sirolimus increased linearly with concentration, whereas CYP3A4 metabolites did not. The total seco-sirolimus formed 3 h after an apical dose of 1 and 20 M sirolimus was 13 and 330 pmol, respectively, whereas the CYP3A4 metabolites formed under similar conditions were 105 and 603 pmol, respectively. CYP3A4 was most likely saturated at the 20 M concentration because the K m for each of the sirolimus metabolites is between 1 and 2 M (W. Jacobsen, unpublished data). Furthermore, we observed only minor amounts of the hydrolysis product of sirolimus in our incubations (we estimate that it amounts to 25% of the 39-O-desmethyl observed). The hydrolysis product of sirolimus (34-OH) can be formed in the presence of acid or base (Wang et al., 1994) as well as at high temperatures. It is possible that the extensive formation of the degradation products seen by Paine et al. (2002) was a result of differences in sample handling. Our samples underwent minimal sample processing as we performed on-line solid phase extraction, whereas Paine et al. (2002) performed manual extraction followed by evaporation. The higher dihydro formation observed by Paine et al. (2002) in vitamin D 3 -treated Caco-2 cells may be due to the initial amount of seco-sirolimus present in the dosing solution. At time 0, approximately 13% of the radioactivity could be attributed to seco-sirolimus [estimated from Paine et al. (2002) ], whereas only 1% of the dose was converted to seco-sirolimus, even after 3 h in the CYP3A4-Caco-2 cells studied here. Although evidence is lacking for the formation of seco-sirolimus in vivo, if the intestinal concentration of sirolimus is high enough to saturate CYP3A4 the contribution of the degradation pathway could be significant. The concentration of sirolimus in the gut has been estimated to be between 1.5 and 50 M (Lampen et al., 1998) . Despite the differences between the in vitro models, several lines of evidence have suggested that intestinal CYP3A4 is important in the first-pass disposition of sirolimus. Extensive sirolimus CYP3A metabolites were observed across excised pig jejunum in Ussing chamber studies (Lampen et al., 1998) and across rat intestine after mesenteric cannulation (Crowe et al., 1999) . Furthermore, coadministration of oral cyclosporine with oral sirolimus in healthy volunteers resulted in a 6-fold increase in the C max and a 2.5-fold increase in the area under the concentration verus time curve for sirolimus (Rapamune product information; Wyeth-Ayerst). A similar study performed in stable kidney transplant patients found that the C max was significantly increased and the T max was reduced when cyclosporine was given concomitantly with sirolimus compared with cyclosporine dosing 4 h after the sirolimus dose (Kaplan et al., 1998) . This interaction was most likely due to altered bioavailability because a change in T max was observed and the increase in C max was much greater than the change in the sirolimus trough levels. The limited role for P-gp in sirolimus absorption was recently confirmed in vivo when rats given oral sirolimus alone or in combination with D-␣-tocopheryl poly(ethylene glycol 1000) succinate (an inhibitor of P-gp) showed no changes in sirolimus pharmacokinetics (Wacher et al., 2002) .
The data obtained with sirolimus from CYP3A4-transfected Caco-2 cells support our previous findings with the cysteine protease inhibitor K77 that showed P-gp could increase presystemic metabolism of drugs by CYP3A4 by repeated cycling of the drug at the apical membrane (Cummins et al., 2002) . These data also highlight factors that complicate our understanding of the interplay of metabolism and transport. For sirolimus, it seemed as though multiple transporters were involved and therefore the net effect of P-gp on metabolism was not as great as expected for a good P-gp substrate. Furthermore, the phenomenon of slowed permeation of midazolam from the basolateral side of the cell resulted in an approximation of the ER that was directionally dependent. The inhibition studies of sirolimus and cyclosporine in CYP3A4-transfected cells would have predicted the drug-drug interaction observed in vivo, emphasizing the utility of these cells for determining the relevant intestinal absorption barriers for a given substrate. Fig. 9 . Extraction ratios of midazolam and sirolimus after an apical or basolateral dose calculated using eq. 1. The effect of inhibiting P-gp on the ER is elucidated by incubation with GG918, whereas the dual effect of inhibiting CYP3A4 and P-gp on the ER is found by incubation with CsA. Data are presented as the mean Ϯ S.D. (n ϭ 3). *, significantly different from control for that direction (A to B and B to A) and compound (midazolam or sirolimus), p Ͻ 0.05. # , significantly different from A to B for that condition (control, with CsA or with GG918) for that compound, p Ͻ 0.05. 
